Aspergillus parasiticus (255), a non-toxigenic isolate showed the presence of secondary metabolites-aflatoxins (B 1 , B 2 , G 1 , G 2 ) when grown in yeast extract sucrose media but not in basal media, thus demonstrating its toxigenic potential. Native PAGE of the crude protein isolated at different growth periods of A. parasiticus in yeast extract sucrose media containing iron showed prominent expression of mycoferritin from day four onwards. The production of aflatoxins was also maximal on day four, both in the presence and absence of iron. Indicators of oxidative stress metabolites such as reactive oxygen species, thiobarbituric acid reactive species, reduced and oxidized glutathione and antioxidant enzymes like superoxide dismutase and glutathione peroxidase were analyzed both in the presence and absence of iron and the experimental data suggest oxidative stress as a prerequisite for aflatoxin production. The pro-oxidant role of iron was minimized by induction of mycoferritin and the concomitant alterations in oxidative stress parameters imply an antioxidant role to mycoferritin in secondary metabolism, a finding of significance that has not been reported previously in fungal systems.
Introduction
The presence of mycoferritin (MF) has been demonstrated for the first time in Aspergillus parasiticus (255) upon induction with iron in yeast extract sucrose medium, and has been purified and characterized [1] . The Aspergillus group of fungi is known to produce secondary metabolites such as aflatoxins (B 1 , B 2 , G 1 , G 2 ) and the formation of these metabolites is complex involving primary and secondary metabolism (polyketide pathway) [2, 3] . The aflatoxins produced by Aspergillus flavus and parasiticus have received worldwide attention in view of their potent carcinogenic, mutagenic, teratogenic and immunosuppressive activities and because of their relevance to international trade [4] . The biochemical correlation between aflatoxin production and oxidative stress is well documented, suggesting oxidative stress as a prerequisite for aflatoxin synthesis. The toxigenic strain of Aspergillus is known to have higher enzymatic activities related to free radical and lipid peroxidation metabolism [5] .
Elemental iron is required for normal cell growth and proliferation. However, free iron, the pro-oxidant, is potentially harmful as it generates the formation of free radical species via Haber-Weiss Fenton reaction [6] . These species are known to bring about damage to a variety of biomolecules including sugars, amino acids, phospholipids, nitrogenous bases (purines and pyrimidines) and organic acids. In order to minimize these effects, and for controlling intracellular iron levels, organisms have evolved intracellular iron storage forms such as siderophores [7] and ferritins [8] . A study on gram-negative bacteria indicates iron storage as a protective measure under metal toxicity and oxidative stress [9] . Increase in free radical formation leads to enhancement of oxidative stress and aflatoxin production [5] . Other metal ions like zinc and copper are also known to induce aflatoxin synthesis in Aspergillus [10] .
Whether mycoferritin formed in A. parasiticus (255) upon induction with iron has any role in oxidative stress and secondary metabolism was examined in the present investigation and results of such experiments are reported in this communication.
Materials and methods

Culturing of A. parasiticus (255)
A non-toxigenic isolate of A. parasiticus (255) obtained from United States Department of Agriculture, Southern Region Research Center (SRRC), New Orleans, LA; USA was used for the study. The cultures were maintained on potato dextrose agar media. The fungal spores were inoculated in yeast extract sucrose (YES) liquid culture medium (yeast extract 2%, Sucrose 15%), pH 6.0, and grown at 28°C, both in the absence and presence of iron (FeCl 3 , 30 lg of Fe 3+ per ml of the medium) for seven days. Fungal spores were also inoculated in basal medium (pH 6.0) [11] .
The composition of basal medium was (g per 100 ml): glucose-5, KH 2 PO 4 -1.0, (NH 4 ) 2 SO 4 -0.3, MgSO 4 -0.2 and the trace elements included in the medium were (lg per 100 ml): zinc-400, iron-280, boron-7.9, copper-7.6, manganese-3.5 and molybdenum-2.7.
Isolation of mycoferritin from A.parasiticus
Crude mycoferritin (salt fractionated: 25-60% saturation with regard to ammonium sulphate) was isolated from A. parasiticus (255) grown in YES media containing iron, at different growth periods, by a method standardized in our laboratory [1] .
Electrophoresis
Native polyacrylamide gel-electrophoresis of crude MF along with commercial equine spleen ferritin (ESF) was performed in 6% gels with tris-glycine buffer, pH 8.3 at a constant current of 15 mA [12] . Protein bands were visualized by silver staining [13] .
Analysis of oxidative stress parameters 2.4.1. Reactive oxygen species (ROS)
Reactive oxygen species were monitored essentially by a method described by Davidson et al. [14] using 2 0 ,7 0 -dichlorodihydrofluorescein diacetate as a fluorogenic probe. The release of the fluorescent dichlorofluorescein was monitored by steady-state fluorimetry with an excitation and emission wavelength of 490 and 520 nm, respectively, using a Perkin-Elmer spectrofluorimeter (LS 50B, Boston, MA, USA).
Lipid peroxidation products
Products of lipid peroxidation such as thiobarbituric acid reactive species (TBARS)-malondialdehyde were analyzed in protein free filtrates of the mycelial homogenate by Ernster and Nordenbrand method [15] .
Glutathione (oxidized (GSSG) and reduced (GSH))
Glutathione concentrations were determined in protein-free filtrates of the mycelial homogenate by ophthalaldehyde method [16] . The fluorescence of the complex formed was measured spectrofluorimetrically at an excitation and emission wavelength of 350 and 420 nm respectively, using a Perkin-Elmer fluorimeter (LS 50B, Boston, MA, USA).
Enzyme assays
Superoxide dismutase (SOD) and glutathione peroxidase (GPx) enzyme activities of the mycelial homogenates were determined by the method of Marklund and Marklund [17] and Martinez et al. [18] , respectively.
Aflatoxin analysis
Aflatoxins in the culture media were extracted and analyzed by TLC-fluorodensitometry according to the method of Egan [19] . The extracts were chromatographed on pre-coated silica gel-G TLC plates (0.75 mm thickness, particle size 75 lm) (Eastman Kodak Company, Rochester, New York, USA) using toluene:ethyl acetate:formic acid (6:3:1) as the mobile phase along with standard aflatoxin reference markers (B 1 , B 2 , G 1 , G 2 ) (Sigma, St. Louis, USA). The aflatoxins were quantified fluoremetrically using UV trans illuminator (360 nm) and fluorescent intensity was recorded using Charge Couple Device (CCD) based digital image analyzer (UVI Tech, Cambridge, UK). The density data was analyzed by using UVI Tech software.
Statistical analysis
The results obtained at different growth periods of A. parasiticus (255) were analyzed statistically using student t-test and regression analysis.
Results and discussion
A. parasiticus (255), a non-toxigenic isolate was cultured in YES and basal media for five days. The culture extracts were examined for the presence of secondary metabolites -aflatoxins by TLC and the results of this experiment are depicted in Fig. 1 . An interesting observation of the analysis was the presence of aflatoxins (secondary metabolites) in culture extracts of Aspergillus grown in YES media. This was not true for basal media. It is evident from the analysis that the non-toxigenic isolate of A. parasiticus (255) has the toxigenic potential in YES media. The finding is significant and has not been reported previously for this strain. Similarly, an earlier report showed that a non-toxigenic strain of A. flavus was found to produce aflatoxins in the presence of cycloheximide [20] . What factors influence the non-toxigenic strain to produce aflatoxins in YES media is presently unclear.
The native gel-electrophoretic pattern of crude MF isolated from Aspergillus grown in YES media containing iron at different growth periods along with ESF is shown in Fig. 2 . It is apparent from the analysis that the mycoferritin expression is prominent from day 4 onwards. Further, TLC analysis of aflatoxins isolated from the culture extracts of Aspergillus grown at different periods both in the presence and absence of iron is shown in Fig. 3(a) and its quantification by fluorodensitometry in Fig. 3(b) . Maximum aflatoxin production was observed on day 4 both in the presence and absence of iron. On the contrary, Aspergillus grown in the presence of iron showed an increase in aflatoxin content on day 1 and 2 when compared to its absence. A decreasing trend in aflatoxin content was observed from day 3 onwards in the presence of iron.
In addition to aflatoxins, indicators of oxidative stress such as ROS, TBARS, GSH and GSSG were also analyzed in the mycelial homogenate and the results are presented in Fig. 4(a)-(d) . The data observed in the present study are consistent with that reported for the toxigenic strain of Aspergillus (2999) [5] . From the analysis, it is evident that the maximum levels of ROS, TBARS and GSH were observed on day 3 both in the presence and absence of iron except for GSSG wherein the levels were maximum on day 4. In contrast, in the presence of iron, increased levels of oxidative stress parameters were observed on day 1 and 2 followed by a decrease from day 3 onwards, and this was also true with aflatoxin levels. Further, the activities of antioxidant enzymes involved in scavenging of free radicals such as SOD and GPx were analyzed and the data is shown in Fig. 5(a) and (b). The activities of antioxidant enzymes studied were maximum on day 3, while in the presence of iron increased activities were observed on day 1 and 2 followed by a decrease from day 3 onwards. Thus the trends in the activities of these scavenging enzymes were akin to indicators of oxidative stress metabolites.
The data obtained from oxidative stress parameters were analyzed statistically using Student t-test and regression analysis. ROS was taken as a common factor and compared with other parameters such as TBARS, GSH, GSSG, and antioxidant enzymes like SOD and GPx and aflatoxins The regression analysis [r 2 (regression coefficient) value] was significant and ranged from 0.80 to 0.98 (p 6 0.05).
It is apparent from the present study that the non-toxigenic strain is similar to the toxigenic one with regard to free radical and lipid peroxidation metabolism. This is in agreement with the earlier reports wherein oxidative stress has been implicated as an inducer for aflatoxin synthesis [21, 22] . The up-regulation of antioxidative enzymes during oxidative stress is well documented [23] . Further, the biogenesis of the oxygenated molecule viz aflatoxin may be regulated by the cellular redox status. A possible relationship between cellular energy status and initiation of aflatoxin production has been studied [24] . Alterations in redox signaling promoted by free radical build up may precede toxicity and such toxicity may partially be counteracted by invoking changes in cell signaling by free radical scavengers and antioxidants. Thus it is speculated that a cascade of events including lipid peroxidation, up-regulation of the activities of antioxidant enzymes may be involved in the initiation of aflatoxin production. In view of this it appears that oxidative stress is a pre-requisite for aflatoxin synthesis and the same has been reported earlier [5] for the toxigenic strain and has now been demonstrated for the non-toxigenic strain of A. parasiticus, in the present study.
Further, A. parasiticus grown in the presence of iron (pro-oxidant) showed an increase in oxidative stress parameters for day 1 and 2 when compared to absence of iron. Decreasing levels of stress parameters were observed from day 3 onwards in the presence of iron, which also coincided with the induction of the mycoferritin. The induction of mycoferritin synthesis in Aspergillus only in the presence of iron has been demonstrated previously [1] . Mammalian ferritin as an antioxidant has the ability to oxidize and sequester intracellular iron into the central mineral core, limiting the levels of catalytically available iron, thus functioning as a cytoprotective protein [8] . The induction of mycoferritin and concomitant alterations observed in the oxidative stress parameters imply an antioxidant role to mycoferritin in secondary metabolism. This is the first report attributing a metabolic role to mycoferritin in a non-toxigenic strain.
In summary, the present study demonstrates the toxigenic potential of the non-toxigenic isolate of A. parasiticus (255) when grown in YES media. The aflatoxin levels, oxidative stress metabolites and related enzymes resemble those of the toxigenic strain. The pro-oxidant role of iron in Aspergillus is minimized by induction of mycoferritin only in the presence of iron, a finding of significance. Further studies will be needed to ascertain the role of mycoferritin in relation to other metabolic activities in fungal systems. 
